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We demonstrate a highly efficient source for correlated pairs of atoms with equal but opposite
momenta (twin atoms) using an integrated matter-wave circuit on an atom chip. The atom pairs
are emitted into the ground state of two parallel matter waveguides of an elongated one-dimensional
double-well potential (double twin-atom-beams). We characterize the state of the emitted twin-atom
beams by observing strong number-squeezing up to -10 dB in the correlated modes of emission. We
furthermore demonstrate genuine two-atom interference in the normalized second-order correlation
function g(2) in the emitted atoms.
Correlated and entangled pairs constitute a funda-
mental tool in the hands of a quantum engineer [1] with
a wide range of possible applications, from probing fun-
damental questions regarding the nature of the quan-
tum world, to building blocks for quantum communica-
tion and quantum computers, to sensors and develop-
ment of metrological devices [2]. Many beautiful fun-
damental and applied experiments have been performed
with entangled pairs of photons [3].
In recent years huge progress was made in creating en-
tangled states of massive particles, most prominent in
the context of developing fundamental building blocks
for quantum logic operations. The interest is also moti-
vated by performing a Bell test using massive particles,
as in spin correlations between protons [4], electrons [5],
ions [6], Josephson phase qubits [7] and atoms [8].
The above experiments were performed for internal
states and except for the proton experiment with local-
ized systems. Here we will focus on external degrees
of freedom of freely propagating pairs of atoms. The
most direct way to produce them is by collisions, which
can either be accomplished by collisional de-excitation
in a quantum degenerate sample in an excited motional
state in a trap or waveguide [9], by designing the dis-
persion relation using a lattice [10–12] or by colliding
two condensates with different momenta and looking at
the scattering halo [13, 14].
In this letter, we present a source of double twin-
atom-beams (DTBs): twin atoms produced in a double
waveguide potential, where the superposition of a pair
being in either the left- or the right-well determines an
entangled state of two atoms only involving motional
degrees of freedom. We measure momentum correla-
tions between the atoms in the pairs and observe a
fringe pattern in the normalized second-order correla-
tion function g(2) that stems from a two-particle inter-
ference phenomenon.
Our experiment starts with preparing a one-
dimensional (1D) quasi-BEC [15] of 600-2000 atoms
(T . 40 nK) magnetically trapped in a tight transverse
harmonic potential (νy,z ' 2 kHz), with a shallow lon-
gitudinal harmonic confinement (νx ' 12.5 Hz), created
below an atom chip [16]. The experimental procedure
to create the DTBs (Fig. 1a,b) begins with splitting the
1D trapping potential into a double-well potential [17].
The splitting ramp is designed by optimal control (see
Supplemental Material for details) to achieve state in-
version, that is the 1D quasi-BEC is transferred to the
second transversely excited state of the double-well po-
tential, the desired source state. The manipulation of
the transverse potential is achieved by radio-frequency
dressing [18, 19]. The precise amplitude and phase of
the applied RF is determined by optimal-control tech-
niques [20] (see also Supplemental Material).
The final potential along the transverse direction is
displayed in Fig. 1b, together with the correspond-
ing single-particle eigenstates. The states are labelled
|ny, kx〉, where the vibrational quantum number ny ∈
{0, 1, 2} and the longitudinal momentum kx ∈ {0,±k0}.
The second excited state (green) |2, 0〉 has an energy
/h = ν(2,0)−ν(0,0) = 1.34 kHz and represents the source
state. The two lowest eigenstates, |S〉 = |0, 0〉 (light
blue) and |A〉 = |1, 0〉 (orange), have an energy differ-
ence E(1,0)−E(0,0)  min{, µ}, where µ is the chemical
potential [21], and thus are assumed to be degenerate.
In Fig. 1c the localized left- |L〉 and right-well state
|R〉 of the double-well potential are displayed (blue and
red curves respectively). The two basis representations
are linked by the relations |S〉 = (|L〉 + |R〉)/√2 and
|A〉 = (|L〉 − |R〉)/√2.
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Figure 1. Sketch of the experimental procedure (a) The quasi-BEC (gray) lies initially in the transverse ground state
of a single well potential characterized by a tightly confined direction (y-axis or transverse axis) and a weakly confined
direction (x-axis or longitudinal axis, potential curve along this axis not displayed). A radio-frequency field with variable
amplitude is used to excite the condensate and at the same time reach a double-well configuration. (b) The final double-well
configuration with its transverse vibrational states: the second-excited state (green), which constitutes the source state, the
first-excited (orange) and the ground state (blue) are defined by |ny, kx〉, where ny = {0, 1, 2} is the vibrational quantum
number and kx = {0,±k0} the longitudinal momentum. Two atoms from the excited state can collide and decay into
a twin-atom state (opposite momenta along the x-axis). Since the two particles are also in a linear superposition of the
symmetric |S〉 (blue) or the anti-symmetric |A〉 (orange) transverse state along the double-well axis, we define the system
as double twin-atom-beam state (DTB). (c) The DTB state can also be expressed in terms of the localized left- |L〉 (blue
curve) and right-well state |R〉 (red curve).
A binary collision between two atoms in the source
state can lead to the emission of a pair of atoms.
Due to momentum conservation, the atoms are emit-
ted with opposite momenta along the shallow longitudi-
nal direction, which constitutes the first pair of modes
available to each indistinguishable atom. This char-
acteristic defines the twin character of the emission.
It also allows for a more efficient generation of such
twin states, as compared to experiments with free-space
collisions [13, 22, 23], where multiple de-excitational
channels are possible. Furthermore, the presence of a
double-well potential along the tightly-confined trans-
verse direction defines an additional spatial degree of
freedom represented by the left- |L〉 and right-state |R〉
in Fig. 1c, thus bringing to four the total number of
modes available to each indistinguishable atom. Such a
system is hereafter denoted as DTB state.
The analysis of the DTB state consists of two differ-
ent procedures. Before the trap is switched-off, a choice
can be made on whether to lift abruptly the potential
barrier separating the two waveguides and project the
DTB state into the left- and right-well localized states
(separation procedure), or to let them overlap and in-
terfere (interference procedure). Independently of the
experimental procedure, the trap is held for a certain
holding time thold and then switched off. The BEC un-
dergoes a free-fall stage and expands for a time-of-flight
of 44 ms before the atoms are detected by traversing the
light sheet of our single atom imaging detector [24]. Due
to the long time-of-flight, the image shows the in-situ
momentum distribution of the atoms (see Supplemental
Material).
Separation procedure In order to resolve the trans-
verse states, we imprint an extra transverse accelera-
tion. This is done by a quick rise of the potential bar-
rier between the left and right well (Fig. 1c). This set
of data involves an average of 75 DTB pairs produced
in each repetition.
A typical image resulting from the separation pro-
cedure, averaged over many repetitions, is plotted in
Fig. 2a. The image shows the remaining BEC at
the center and four DTB zones: L−, R−, L+, R+
(black boxes). These are defined by the two transverse
states, |L〉 and |R〉, and the two longitudinal momen-
tum classes ±k0, corresponding to the four DTB modes:
|L〉−, |R〉−, |L〉+, |R〉+.
In Fig. 2b, the LL (RR) label refers to the signal con-
tained in the L− (R−) and the L+ (R+) box. Similarly,
the LR (L− ↔ R+) label and the RL (R− ↔ L+) label
are assigned. All the above mentioned cases correspond
to a situation where particles are created with opposite
momenta. For completeness, we also consider a situa-
tion where the momentum conservation is violated, for
example with the R−L− case. There, the fluctuations
of the signal difference between the two DTB modes
|L〉−, |R〉− are expected to follow a binomial distribu-
tion since two atoms with the same longitudinal mo-
mentum cannot belong to the same pair. The k0/-k0
case and the L/R one are also considered. This set
involves the total signal difference between the two lon-
gitudinal momentum states and between the two trans-
verse states, respectively. While the former corresponds
to the analysis of the twin character of the DTB emis-
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Figure 2. Intra-mode correlations (a) Experimental fluorescence image averaged over 825 experimental runs obtained
with the separation procedure. Each run involves 2000-2200 total atoms, in average 150 of which are DTB atoms (75 pairs).
The long time-of-flight makes the initial momentum distribution accessible (see Supplemental Material). The central cloud
corresponds to the source state, while the emitted DTB atoms are found at ±~k0. The black boxes define the regions
used for the correlation analysis. (b) Color-scheme definition of the pairwise combinations of DTB modes considered. (c)
Sub-squeezing histograms. We display the value of the noise-corrected number-squeezing ξ2 for each pairwise combination
defined in (b).
thold(ms) images ξ2LL ξ2RR ξ2LR ξ2RL ξ2L−R− ξ
2
L/R ξ
2
n
0.025 684 0.11 0.12 1.14 1.14 1.13 2.19 0.078
0.425 825 0.14 0.19 1.13 1.07 1.12 2.07 0.076
Table I. Sub-squeezing Noise-corrected atom number-
squeezing for different combinations of the four DTB modes.
sion (see also Supplemental Material), the second one
is of interest here because it only involves transverse
states. For each label in Fig. 2b we compute the value
of the number-squeezing parameter [9]: ξ˜2 := σ2s/σ2bin,
where σ2s represents the variance of the signal difference
s between the boxes that are being considered, σ2bin
denotes the corresponding binomial variance, and by
means of its noise-corrected counterpart ξ2 (see Supple-
mental Material). A value of ξ2 < 1 defines a number-
squeezed emission. In Fig. 2c, the value of number-
squeezing ξ2 between the DTB modes mentioned above
is displayed as vertical bars (the actual values are also
expressed in Tab. I).
The results are compatible with the generation of
a maximally entangled state and with a two-particle
mixed state of |L〉− |L〉+ and |R〉− |R〉+ (to exclude this
case we need to look at the interference procedure as
well). The compatible Bell-state is of the form
|ψDTB〉 = 1√
2
(|L〉− |L〉+ + |R〉− |R〉+), (1)
where |i〉− |i〉+ = |i〉−k0⊗|i〉+k0 and i = {L,R}. This is
a “lucky” situation where the reconstruction of the full
density matrix of the two-particle state is in principle
possible without any phase rotation, just by looking at
the two-particle interference pattern [25].
Interference procedure For this measurement proce-
dure, we avoid imprinting the extra transverse acceler-
ation (Fig. 1c).
If the DTB emission preserves the coherence of the
quasi-BEC, the DTB state shows two-atom interference
in the second-order correlation function g(2)(ky−, k
y
+)
linking atoms of opposite momenta:
g(2)(ky−, k
y
+) =
〈n(ky,−k0)n(ky,+k0)〉
〈n(ky,−k0)〉〈n(ky,+k0)〉 , (2)
where ky is the transverse wave-vector and n(ky,±k0)
is the single-particle density profile along the transverse
axis at the two longitudinal momenta±k0. The particu-
lar fringe pattern in g(2)(ky−, k
y
+) depends on the under-
lying density matrix associated to the DTB state [25].
Maximal contrast requires identifying the partners in
each atom-pair. In a low-pair emission regime, we emit
an average of 10 DTB pairs in each experimental run.
Averaging over the pairs will reduce the contrast in the
observed interference.
In Fig. 3a-b, we compare the simulated un-normalized
G(2)(ky−, k
y
+) = 〈n(ky,−k0)n(ky,+k0)〉 and experimen-
tal g(2)exp(ky−, k
y
+) patterns: Fig. 3a shows the theoretical
fringe pattern assuming a two-particle state of the form
Eq. 1; Fig. 3b the experimental g(2)exp(ky−, k
y
+) pattern
averaged over 1498 experimental runs. The number of
visible fringes depends on the value of the wells spacing
2y0 between the two potential waveguides. In order to
compare the theoretical pattern (a) with the experimen-
tal one (b), we use 2y0 = 1.3 µm. This value is obtained
from a simulation of the final double-well potential that
was calibrated to match with the experiment.
The white box in Fig. 3b, defines the integration area
for the profiles in Fig. 3c: the double-arrow defines the
integration axis, while the single arrow illustrates the
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Figure 3. Two-particle interference pattern (a) Theoretical un-normalized G(2)(ky−, k
y
+) = 〈n(ky,−k0)n(ky,+k0)〉
pattern assuming a DTB state of the form Eq. 1. (b) Experimental g(2)exp(ky−, k
y
+) pattern. This set of data involves 1498
experimental runs, where each run contains 700-760 total atoms, 20 of which are DTB atoms (10 pairs), on average.
(c) One-dimensional mean profiles obtained from averaging along the diagonal within the white box superimposed in
Fig. 3b. The mean anti-diagonal profile of g(2)exp(ky−, k
y
+) (black dots) is compared to the mean anti-diagonal profile of
〈n(ky,−k0)〉〈n(ky,+k0)〉 (light blue curve). The red curve represents a fit of the data from which we extract a value of the
contrast of the two-atom interference C = 0.032 ± 0.004. Units are scaled by the diagonal √2 factor and then normalized
by the wells spacing 2y0 = 1.3 µm. The shaded areas represent the standard error of the mean.
transverse momentum coordinate ky (horizontal axis in
Fig. 3c). The projected pattern shows clear fringes with
a period consistent with the double-well and a contrast
C = 0.032 ± 0.004. In order to ensure that the central
fringe is not originating from the envelope, we compare
the fringe profile with the the mean profile obtained con-
sidering only the product of the independently averaged
profiles 〈n(ky,−k0)〉〈n(ky,+k0)〉 (blue dashed curve).
This fringe pattern in the measured g(2)(ky−, k
y
+)
(Fig. 3b,c) combined with the absence of an interference
fringe in the single particle density is one of the central
results of our experiment, and it constitutes direct evi-
dence for genuine two-particle interference. For a statis-
tical mixture of the states |L〉− |L〉+ and |R〉− |R〉+, one
would expect a flat profile g(2)(ky−, k
y
+) = 1. Combined
with the measurements of the number-squeezing corre-
lations between the four guided DTB modes in Tab. I
and following [25], our experiment shows that a signif-
icant fraction of atom pairs are emitted in the state:
|ψDTB〉 = (|L〉− |L〉+ + |R〉− |R〉+)/
√
2. We attribute
the low contrast of C = 0.032 ± 0.004 in our present
experiment to the relatively large number of on aver-
age 10 pairs contribution in each measurement, thereby
washing out the interference pattern.
Our experiments show a path towards a quantitative
demonstration of entanglement for propagating atom
beams in such a system as suggested in [25]. In order
to achieve this goal we need to significantly increase the
contrast of the two particle interference, which will re-
quire a more detailed study of the emission process and
better control over the number of emitted pairs, down
to experiment with single pairs. A phase shift can be
applied to the propagating DTBs by tilting the double-
well potential to introduce an energy difference between
the left- and right-well states, as in [26]. As an alter-
native procedure, one could implement Bragg deflectors
as in [12, 23] to rotate the state after its generation.
As a more general outlook, we see a huge potential in
exploring non-linear matter-wave optics for atoms prop-
agating in waveguides and integrated matter-wave cir-
cuits. The processes behind the twin-atom emission are
closely related to the matter-wave equivalents of para-
metric amplification and four-wave-mixing. We envi-
sion the development of non-linear matter-wave quan-
tum optics. The creation of entangled atom-laser beams
in twin-beam emission above threshold would be one di-
rectly accessible example.
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5SUPPLEMENTAL MATERIAL
State inversion using optimal control tech-
niques The system consists of a quasi-one-dimensional
condensate, i.e. a weakly interacting bosonic ensem-
ble that is loosely confined longitudinally, but tightly
confined transversally, as in previously realised optimal
control experiments with atom chips [27, 28]. In the
transverse direction that hereafter we denote as the y-
axis the potential is initially a single (anharmonic) well,
as in Refs. [27, 28], but then it is controlled dynamically
by means of an external radio-frequency field in order to
transform it to a double-well potential [19]. As in pre-
vious related experiments [27, 28], the system dynamics
along the y-axis can be described through an effective
one-dimensional Gross-Pitaevskii equation, whose non-
linear Hamiltonian is given by
Hˆgp[ψ, t] = − ~
2
2m
∂2
∂y2
+ V (y, t) + gN |ψ(y, t)|2. (3)
Here, m is the mass of the boson, specifically of the
alkali atom 87Rb, V (y, t) is the time-dependent poten-
tial that we manipulate optimally, g is the effective
one-dimensional boson-boson coupling constant (see
Ref. [28] for further details), N is the number of bosons,
and ψ(y, t) is the condensate wavefunction formalised to
unity. We note that because of the large separation of
time scales between the transverse and longitudinal de-
grees of freedom, the quantum dynamics of the latter
can be effectively assumed to be frozen during the exci-
tation process in the transverse direction, which we are
interested in.
The external potential V (y, t) produced by the atom
chip is approximated by
V (y, t) = a0(t) + a2(t)y
2 + a4(t)y
4 + a6(t)y
6,
where the time-dependent coefficients aj(t) are given by
a0(t) = 2pi × 103 a˜0(t)~ω0 ,
a2(t) = 2pi × 103 a˜2(t)~ω0 × (10
6lho)
2,
a4(t) = 2pi × 103 a˜4(t)~ω0 × (10
6lho)
4,
a6(t) = 2pi × 103 a˜6(t)~ω0 × (10
6lho)
6.
(4)
Here, the numerical factors 103 and 106 refer to conver-
sions from kHz to Hz and from meters to micrometers,
respectively, that were performed for numerical conve-
nience. Besides this, lho = [~/(mω0)]1/2 ≈ 0.43µm
is a reference harmonic oscillator length with ω0 =
(2p2/m)
1/2 ≈ 2pi × 3.91 kHz being the reference har-
monic oscillator frequency, whereas p2 = 2pi~ × 310/r20
is the strength of the quadratic term of the potential
at t = 0 with r0 = 172 nm being the mean radius of
the radial ground state. Moreover, the dimensionless
coefficients a˜j(t) are defined as:
a˜0(t) = 54.451− 8.6264Rf (t) + 3570.3Rf (t)2 − 12650Rf (t)3 + 25646Rf (t)4 − 27546Rf (t)5 + 12106Rf (t)6
a˜2(t) = 74.025− 19.429Rf (t)− 3309.1Rf (t)2 + 18497Rf (t)3 − 46369Rf (t)4 + 56311Rf (t)5 − 26894Rf (t)6
a˜4(t) = −3.4221 + 24.648Rf (t) + 1231.6Rf (t)2 − 8450.8Rf (t)3 + 23425Rf (t)4 − 30416Rf (t)5 + 15268Rf (t)6
a˜6(t) = 0.2406− 6.0581Rf (t)− 153.85Rf (t)2 + 1221.2Rf (t)3 − 3661.4Rf (t)4 + 5049.5Rf (t)5 − 2663.3Rf (t)6.
(5)
The numerical factors appearing in the definitions out-
lined above have been obtained by numerically fitting
the simulated and experimentally calibrated potential
generated by the atom chip with a polynomial of sixth
order. This strategy has been adopted to simplify the
numerical effort of the optimisation. The dimensionless
time-dependent function Rf (t) is related to the strength
of the radio-frequency field applied to the atom chip and
it is the control parameter we have to optimise.
In the present experiment, the quasi-condensate is
initially prepared in the ground state, ϕ0(y), of the ini-
tial single well potential V (y, 0). Our goal is to bring
the quasi-condensate in the second excited state, ϕ2(y),
of the external potential V (y, tf ) in double-well config-
uration in a time tf shorter than the decoherence time
of the system. Here, the nonlinear eigenstates ϕ0,2(y)
of the Hamiltonian (3) are determined numerically by
the imaginary-time technique with N = 700. To this
end, we employ optimal control techniques to generate
the optimal radio-frequency field Rf (t) that minimises
the cost function defined at the final time tf as
J = 1−
∣∣∣∣∫
R
dy ϕ∗2(y)ψ(y, tf )
∣∣∣∣2 . (6)
Specifically, we employ the CRAB optimisation
method [29]. Here, the radio-frequency field Rf (t) is
6expanded into a (not necessarily orthogonal) truncated basis
Rf (t) = 0.3 +
1
λ(t)N
Nf∑
j=1
(
aj cos
2pifjt
tf
+ bj sin
2pifjt
tf
)
+ 0.21 e−8(tf−t), (7)
Ramp
0 0.5 1 1.5
t (ms)
0.2
0.4
0.6
R
f(
t)
Figure 1. The ramp Rf (t) of the amplitude of the radio-
frequency field against time.
whereNf = 10 and the function λ(t) is introduced in or-
der to fix the initial and final values of the field, while for
times within the interval (0, tf ) it allows for variations
of the radio-frequency field. We note that the field (7)
is already given in dimensionless units, where times are
rescaled with respect to 1/ω0. The optimisation is car-
ried out by varying the parameters aj , bj and fj . Thus,
the optimisation has been performed in such a way that
the double-well potential V (y, tf ) is obtained by setting
Rf (tf ) = 0.51 at final time tf/ω0 = 1.4 ms, while ini-
tially Rf (0) = 0.3. The exponential function appearing
in Eq. (7) and its width 1/8 have been chosen such that
it increases smoothly and monotonically to the numeri-
cal value 0.21 as t→ t−f , such that the control parame-
ter reaches the target value Rf (tf ) = 0.51 and we avoid
excitation of the condensate along the vertical z-axis.
In Fig. 1 the optimised curve of the parameter Rf (t) is
plotted against time.
Transfer efficiency During the initialization stage,
the main BEC is transferred to the second-excited state
of the final double-well configuration by shining a radio-
frequency field on the atoms. We estimate the percent-
age of atoms transferred to the source state from the
evolution of the wavefunction of the BEC after the ex-
citation pulse. If more than one eigenstate of the poten-
tial are populated, we should observe in the momentum
distribution an interference pattern varying with the
holding time in the trap. If the excited wavefunction
corresponds to the source state, which is an eigenstate
of the double-well potential, the outcome would be a
constant profile. The experimental profile was fitted
with a linear combination Ψguess(y) of different single-
particle eigenstates ψi(y) up to the sixth order (i = 6):
Ψguess(y) = p2ψ2(y) +
∑
i
eiφi
√
piψi(y) (8)
where φi (i = 0, 1, 4, 6) are the relative phases and pi
(i = 0, 1, 2, 4, 6) are the normalized contributions from
the five different states considered. The odd compo-
nents from the third and fifth order were excluded from
the fit function based on symmetry arguments to re-
duce the number of free parameters. This is consis-
tent with the transverse symmetry of the experimental
data. The main contribution to the experimental profile
comes from the second excited state of the double-well
potential (∼ 97%), corresponding to the source state.
This demonstrates the state inversion using the opti-
mal control engineered sequence.
Imaging system Our fluorescence based imaging
system consists of a nearly resonant sheet of light made
of two counter-propagating laser beams. The light-
sheet excites the atoms and make them undergo sev-
eral absorption-spontaneous emission cycles. Part of
these photons are collected on a camera placed below
the atom chip and converted into electrons. In princi-
ple, single atom recognition is possible and was already
demonstrated in this system [24]. If the two counter-
propagating laser beams are not exactly overlapped, or
if their power is unbalanced, a light-pressure effect can
show in the fluorescence picture. For the data consid-
ered in this paper this effect is only residual (Fig. 2a).
We take pictures after a time-of-flight tTOF = 44 ms.
It can be shown that the transverse expansion of the
atomic cloud after it has been released from the chip
trap is fast compared to tTOF . This translates into
a far-field regime for the transverse profile and allows
to extract the initial momentum distribution of the
trapped cloud by looking at the position distribution
from the fluorescence image.
Atom detection and detection noise Experimen-
tally we cannot access the atom number directly, but
rather we measure the number of photons hitting the
camera. The final number of counts created by each
photon hitting the camera is a random variable, whose
statistics is governed by photonic shot noise: if Sˆ is
the random variable describing how many photons have
7been detected in a certain area of the camera chip, then
its shot noise variance component σ2sn is simply given by
σ2sn = S. On top of the usual shot noise level, there is
an additional noise generated by the amplification stage
at the electron-multiplication register of the camera. To
account for it, the variance due to shot noise gets dou-
bled [30]: σ2sn = 2S. A second contribution comes from
the background signal bˆ contained in a certain area of
the camera chip, which is important when regions with
low signal are considered. Since bˆ is indistinguishable
from the actual signal coming from the atomic fluores-
cence, the same considerations made above apply and
σ2b = 2b. We define the total noise contribution to the
variance σ2n = σ2sn + σ2b and modify the expression for
the uncorrected number squeezing to take into account
the total noise as
ξ2 =
σ2s − σ2n
σ2bin
. (9)
We can then define the minimum value of atom number
squeezing ξ2n between the momentum states detectable
in our system as
ξ2n =
σ2n
σ2bin
. (10)
Typical values are σ2n/σ2bin ' 0.08 (separation data)
and σ2n/σ2bin ' 0.2 (interference data). In order to eval-
uate the average number of photons p scattered by each
atom, we compare fluorescence images to absorption im-
ages for increasingly larger atomic clouds [31]. From
this comparison, we derived p = 29.4 for the separation
data and p = 20.7 for the interference data, meaning
each atom is generating, on average, clusters of around
20-30 photons when crossing the light-sheet.
Twin character As already done in [9], we check the
twin character of the DTB emission by looking at the
fluctuations of the total signal difference s = S− − S+
between the atoms with momentum ±k0 over the dif-
ferent experimental realizations. For the separation
data, we simply integrate over the two transverse modes
S− = SL− + SR− , S+ = SL+ + SR+ , where SL− is the
signal contained in the black box L− in Fig. 2a corre-
sponding to the single-particle mode |L−〉 (and simi-
larly for the others). If there is no correlation among
the signals in the two zones that are being analysed,
the signal difference follows a binomial distribution. We
can then evaluate the number squeezing factor ξ2 be-
tween the two longitudinal momentum classes and clas-
sify ξ2 < 1 as a number-squeezed emission. The main
information about the data are listed in Tab. I. In par-
ticular, the results on the noise-corrected ξ2 between
the two momentum states ±k0 confirm the results in
[9], thus demonstrating the presence of a strongly non-
Poissonian amount of correlations between the DTBs of
opposite momenta. The error on ξ2 is estimated using
a bootstrapping method comparing 50 statistical copies
of the full experiment.
Separation Interference
thold(ms) 0.025 0.425 0.025
Total images 684 825 1498
ξ˜2 0.18 0.22 0.30
ξ2 0.10(1) 0.14(1) 0.10(1)
Table I. Twin character Main parameters of the two sets
of data considered in this paper: the uncorrected atom num-
ber squeezing factor ξ˜2 and the noise-corrected one ξ2. The
latter is an indicator of the twin character of the DTB emis-
sion, i. e., the process of creation of pairs of atoms carrying
opposite momenta.
One-dimensional fit of the second-order corre-
lation function The one-dimensional fringe pattern of
g
(2)
exp(k
y
−, k
y
+) is fitted using the fit-function
f(ky) =
[
d+C cos
(
2pi
ky −K
eexp
)]
exp
[ −(ky −K)2
(csigma/eexp)2
]
,
where K is the coordinate of the centre of the fringe
pattern, csigma is a dimensional parameter, eexp repre-
sents the diagonal fringe spacing, C = 0.032 ± 0.004 is
the contrast of the fringe pattern and d an offset.
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